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Synopsis 
 We evaluated the influence of absorbing substrates on laser oscillation of quantum-well microtube lasers. 
We calculated absorption loss of whispering gallery modes propagating in hollow semiconductor microtubes 
with a separation distance from the substrate by the finite-difference-time-domain (FDTD) method. Even 
under the non-contact condition to the substrate, evanescent waves leaked from the tube-wall are absorbed 
by the substrate, which is known as the photon-tunneling phenomenon. Our simulation result shows that 
separation distances from one micron to several tens of microns decrease the loss to 10-3. When the optical 
gain from the quantum well (QW) or quantum dots (Q-dots) in the microtube wall was able to overcome the 
above absorption loss, laser oscillation from the QW- and Q-dot-microtubes occurred. 
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1. Introduction 
 
Since quantum-well microtube proposed and demonstrated as a new type of quantum-well (QW) optical 
device by Hosoda et al.,1) many studies have been conducted on the systems, e.g. optical devices using 
quantum-dots (Q-dots) in microtubes. Recently, Kipp et al. have found sharp optical resonance by a kind of 
whispering gallery mode in a cylindrical optical micro-cavity formed by the microtubes,2) and the physical 
background of this experimental result has been corroborated by a simulation result from Hosoda et al.3) 
 Based on these findings, microtubes containing QWs or Q-dots have attracted a lot of attention as high 
quality factor (Q-factor) cavities, which allow achievement of ultralow threshold semiconductor lasers, and 
many studies have concentrated on creating a structure to achieve this. To establish the above characteristics, 
mechanical structures of the optical resonators, as well as emission properties of the quantum structures, 
have been studied with promising results.4-6) Laser oscillation from these structures by optical excitation has 
also been reported.7-9) However, cavity loss by substrate absorption has not yet been clarified. 
 To increase the Q-factor, decrease of cavity loss is important. One of the losses comes from absorption by 
the substrate of light circularly propagating around the cylindrical cavity. In this report, we evaluate optical 
loss by leakage of light from the microtube wall to the absorbing substrate, which mechanically supports the 
microtube. This estimation is thought to be important for design of current injection microtube lasers, but 
those have not been achieved thus far. The evaluation is performed by the finite-difference-time-domain 
(FDTD) method with realistic values of a QW microtube. 
 
 
2. Overview of QW microtube 
 
Figure 1 shows the structure and fabrication method of the QW microtube. 
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Fig. 1 Fabrication method of QW-microtube. (a) Growth sequence by Molecular-Beam Epitaxy. (b) After growth. (c) 
Fabrication of microtube by selective etching. (d) Completion of microtube formation. 
 
The sample is fabricated by rolling a thin heterostructure film. First, a multilayered thin semiconductor film 
is grown on a (100)-oriented intrinsic GaAs substrate by molecular beam epitaxy. An example of the growth 
sequence is shown in Fig. 1(a): from the substrate, a 200-nm GaAs buffer layer; a 0.4-nm/0.4-nm x 100 
Al0.52Ga0.48As/AlAs digital alloy sacrificial layer; a 7-nm In0.19Ga0.81As strained layer; a 10-nm Al0.75Ga0.25As 
bottom barrier; a 2-nm, i.e. 7-monolayer (ML) GaAs QW; a 10-nm Al0.75Ga0.25As top barrier, and a 10-nm 
GaAs cap layer. 
On this occasion, the InGaAs layer suffers compressive strain, and does not relax since the thickness is less 
than the critical thickness. After growth, the sacrificial layer is selectively etched with HF:H2O (1:10), then 
the upper layer is released from the substrate and rolled up from the cleavage surface due to the strain 
relaxation effect of the InGaAs layer, as shown in Figs. 1(c) and (d). 
The sample is subsequently soaked in pure water and dried with care to prevent microstructural damage or 
sticking due to the surface tension of the water meniscus. Finally, the rolled-up film forms a microtube. 
Figure 2 shows the fabricated QW-microtubes. The cross section of the microtube in Fig. (c) indicates that 
these microtubes are perfectly hollow, and the wall thickness is several tens of nanometers. Therefore, it is 
proved that the quantum structure illustrated in Fig. 1 can be successfully fabricated. 
 
       
 
Fig. 2 (Color online) Photograph of microtubes. (a) Optical microscope image of a microtube rolled up from a 
cleavage surface (left side in the image). (b) Optical microscope image of a microtube. Hollow structure can be seen. (c) 
Vertical SEM image of the microtube 6-microns in diameter in (a). 
 
Figure 3 shows a schematic figure of a kind of whispering galley mode generated in hollow microtubes, 
which can be established as described in Ref. 3. Our simulation under the condition of a microtube isolated  
from the substrate shows sharp peaks with high Q-factor caused by the resonance of the whispering galley 
modes, as shown in Fig. 4. Therefore, a low-threshold laser may be achieved. 
However, actual systems shown in Figs. 1 and 2 contact the substrate. This causes decay in the optical 
intensity of the mode, which is caused by absorption of light by the substrate. To avoid this problem, 
separation of the microtube from the substrate is needed. Since the microtube is supported by the substrate 
and cannot be detached from it, a method is used that grooves a ditch into the substrate just under the 
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microtube,2) as shown in Fig. 5. However, there has been no report regarding how deep of a groove is 
sufficient to reduce the absorption of light running around the microcavity. Therefore, we evaluated this. 
 
 
 
 
        
 
 
     
 
 
 
 
 
3. Simulation result and discussion 
 
Simulation is done by the FDTD method. By comparing the light intensity in microtubes separated from the 
substrate with finite distance to intensity in a free-standing microtube with infinite distance from the 
substrate, decrease in the optical intensity by absorption was studied. 
Fig. 3 Schematic figure of optical resonance in 
hollow cylindrical microcavity. 
 
Fig. 4 Calculated resonance peaks of whispering galley 
modes in a QW-microtube. 
Fig. 5 Schematic figure of microtube on deep 
groove cut on substrate. 
Fig. 6 (Color online) Calculated intensity of 
whispering gallery mode in free-standing microtube.
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Figure 6 shows distribution of the light intensity of a whispering gallery mode established in a free-standing 
microtube. The scattering at the upper portion of the tube is caused by a notch in the rolled-up tube.3) Figure 
7 shows the simulation condition under finite separation distance. In the rolled-up tube, there are two notches 
at the upper and lower positions, as shown in Fig. 7. Under the lower notch, the substrate is positioned with a 
separating distance, which is a key parameter in the simulation. The diameter of the tube is 6 microns, and 
this is the real diameter of the tube shown in Fig. 2. We adopted the sharp peak at 683.8 nm in Fig. 4 for the 
whispering gallery mode in our simulation, since it has a high Q-factor. This emission wavelength is possible 
under uniaxial strained QW.1) 
 
 
  
 
 
 
 
 
 
 
 Fig. 8 (Color online) Evolution of light intensity in microtube vs. separation distance from substrate. 
 
Figure 8 shows calculated evolution of light intensity in the microtube. In the calculation, an optical pulse of 
longer than 1-ps pulse width is injected from the left side of the microtube, as shown in Fig. 7; then, it runs 
around the tube periphery. Since the tube diameter is 6 microns, optical pulse circling the tube periphery 
Fig. 7 Schematic figure of simulation condition. Fig. 9 Spatial distribution of light intensity around 
tube wall.
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counterclockwise arrives at the bottom of the tube, where the nearest point to the substrate (cf. Fig. 7) is 
within 100 fs. In addition, the pulse going clockwise also arrives there within several hundreds of fs. When 
the absorption by the substrate occurs at that point, pulse intensity decreases. Therefore, when the separation 
distance is short, the light intensity is greatly decreased, as shown in Fig. 8. 
 Why does the decrease occur under non-zero value of the separation distance? This is because photon 
tunneling10) occurs. Since the wall thickness of the microtube is far thinner than the light wavelength, i.e. 
42-nm wall thickness versus 683.8-nm light wavelength, the distribution of light intensity going around the 
tube wall greatly seeps out from the tube wall as evanescent wave.3) The electromagnetic wave soaked out 
from the tube wall is influenced by the boundary condition of the propagation. When an absorbing material 
exists sufficiently close but is not in contact, this configuration causes absorption, i.e. photon tunneling. The 
left side of Fig. 9 shows the distribution of the light intensity around the tube wall at normal propagation. In 
contrast, the distribution is changed at a position that comes close to the substrate, as shown in the right 
figure. Evanescent wave soaked from the wall can enter into the substrate in this condition, which means 
photon tunneling.10) 
 Figure 10 shows light absorbed into the substrate under slight separation from the substrate. In this case, 
Snell’s law also applies, even under the photon tunneling condition, as shown in the figure. 
 
 
 
 
Fig. 10 (Color online) Absorption of light going clockwise in periphery of microtube slightly separated from substrate. 
The propagating direction of the absorbed light by photon tunneling adheres to Snell’s law. 
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Fig. 11 Absorption rate of separated microtube compared to in-contact one. 
 
 
 Figure 11 shows the absorption rate of separated microtube compared to that of an in-contact one 
(separation distance = 0) as a function of the separation distance. At distance greater than 3 x 104 nm, i.e. 
approx. 50 times the light wavelength propagating in the tube wall, one-thousandth of an improvement in the 
absorption loss is achieved compared to the in-contact tube. From this result, separation distance of one 
micron to several tens of microns might be sufficient for visible light wavelengths when optical gain from 
QW or Q-Dots in microtubes is sufficiently high to be able to overcome the absorption loss, which may 
easily generate laser oscillation in QW- and Q-dot-microtube systems. 
 
 
4. Conclusions 
 
 We calculated absorption loss of whispering gallery modes in hollow semiconductor microtubes with finite 
separation distance from the substrate. Our simulation result shows that separation greater than 50-times the 
optical wavelength is sufficient for easily establishing laser oscillation from the QW- and Q-dot- microtubes. 
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